Abstract: Omega-3 polyunsaturated fatty acids (n-3 PUFAs) enriched eggs are popular for their enrichment of PUFAs, but their freshness and quality are prone to decline with time, particularly if storage conditions are not well maintained. Home storage is the last but a neglected important tach in eggs supply chain, but few studies are available on the egg storage in the home stage. This study aimed to evaluate the internal quality change of both n-3 PUFAs enriched and conventional eggs by simulating eggs stored at consumers' home in refrigeration and under room temperature. The egg quality indices (Haugh unit, yolk index, weight, and albumen pH) were adopted and analyzed for both storage conditions. Wireless sensor network (WSN) was used for real-time monitoring of the temperature and humidity during storage. The results showed that temperature, humidity and time of storage all have an influence on the freshness of both n-3 PUFAs enriched and conventional eggs and there is no significant difference happened to n-3 PUFAs enriched eggs and conventional eggs. Refrigeration can decelerate the quality deterioration of both n-3 PUFAs enriched and conventional eggs and consumers should be educated about how to maintain the internal quality of eggs during home storage.
Introduction
As one of the most essential polyunsaturated fatty acids (PUFAs), omega-3 (n-3) PUFAs play an important role in the development of human beings' nervous systems and protection against cardiovascular disease, as well as the prevention of breast and colorectal cancers [1] [2] [3] . With consumer's increasing awareness about health benefits of PUFAs [4] , a variety of functional foods fortified with PUFAs have been developed, among which n-3 PUFAs enriched egg is becoming more and more popular. The egg is not only an important source of nutrients for the human being [5] but is also considered as an ideal delivery system for n-3 PUFAs, as its composition can be modified to more functions through the manipulation of laying hen diets [5, 6] . Hens fed with n-3 PUFAs enriched diets, such as fish oil, seaweed, and flaxseed can produce eggs enriched with n-3 PUFAs [3, 7] and provide a new way for the human being to enhance the intake of n-3 PUFAs in diets.
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Egg Quality Parameters
Haugh unit (HU), yolk index (YI) and albumin pH are commonly used parameters indicating egg quality [8, 30, 31] and are adopted in this experiment to evaluate the freshness change of eggs during storage.
The whole egg weight was measured by a digital weighing scale (DL-X01, Donlim, Foshan, China) with precision of 0.01 g. After being weighed, the egg was broken onto a white flat plate. The HU value was calculated using the formula HU = 100lg (H − 1.7W . + 7.57) [32] , where H is the thick albumen height (mm) and W is the weight (g) of a whole egg. The thick albumen height was measured by averaging three measurements taken at different points of the thick albumen at a distance of 10 mm from the yolk by a sliding caliper (YB5002B, OK-TOOLS, Hangzhou, China). The yolk index is obtained by dividing the height by the diameter of the yolk [33] , and the yolk height and diameter were measured by the same sliding caliper. Albumin pH was measured by the pH meter (testo 206, lenzkirch, Fort Baden, Germany).
The experiment was ended when the HU decreased to 55 or YI down to 0.15 according to USDA's egg regulation [21] when eggs are inedible.
Statistical Analysis
One-way analysis of variance (ANOVA) and Least Significant Difference (LSD) were used to analyze significant difference among the eggs under two scenarios by IBM SPSS statistics 20 (IBM, Chicago, IL, USA, 2011). All statements of significance are based on p < 0.05 unless otherwise specified. The data regression, fitting and processing were performed by using MATLAB 2013b software (Math Works, Natick, MA, USA, 2013).
Results and Discussion

Performance Evaluation of the WSN
Based on the monitoring scheme shown in Figure 2 , the WSN for the experiment is constructed with external sensors, antennas and batteries integrated with the sensor nodes by the ports respectively ( Figure 3) .
The performance of the WSN in this experiment was evaluated in terms of frequency, accuracy and duration time. The sensors' data accuracy, response time, battery life and packet losses rate are key factors for WSN nodes [28, 34] and the performance of WSN nodes as demonstrated in Table 1 . The battery charge conditions varied from 90% to 99% after about one day. The packet losses rate was lower than 0.2% in both room and refrigeration storage in the measurement number of 3000. 
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Performance Evaluation of the WSN
The performance of the WSN in this experiment was evaluated in terms of frequency, accuracy and duration time. The sensors' data accuracy, response time, battery life and packet losses rate are key factors for WSN nodes [28, 34] and the performance of WSN nodes as demonstrated in Table 1 . The battery charge conditions varied from 90% to 99% after about one day. The packet losses rate was lower than 0.2% in both room and refrigeration storage in the measurement number of 3000.
The results show that the WSN nodes could accurately monitor the environmental parameters fluctuation with low error rate and is reliable to monitor the environment change of eggs stored in this experiment.
Appl. Sci. 2017, 7, 1151 5 of 13
The results show that the WSN nodes could accurately monitor the environmental parameters fluctuation with low error rate and is reliable to monitor the environment change of eggs stored in this experiment. 
Fluctuation of Environment Factors
Time-Temperature Fluctuation
The experiment lasted 18 days for eggs stored in scenario 1 under room temperature and 30 days for those in scenario 2 in refrigeration when the HU decreased to 55 or YI down to 0.15.
The ambient temperature was not stable during the experiment period under both room temperature and refrigeration ( Figure 4 ). The room temperature was around 25 °C with the lowest temperature down to 22 °C and the highest up to 31 °C. The room temperature fluctuated mainly because of the changes of weather in June 2017, and other factors, such as the refrigeration equipment and people's activities in the room.
The temperature of the refrigerator was set to 4 °C in this experiment. Although the lowest temperature was kept at 4 °C, the temperature in the refrigerator was sometimes higher than 7 °C during the experiment, as lots of refrigerators are in reality running at higher temperature than set [35] . In our experiment, the temperature fluctuation did happen (Figure 4 ) when the refrigerator was opened for taking out sample eggs and fluctuated with the cooling system running. 
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Time-Humidity Fluctuation
The ambient humidity floated along with the fluctuation of temperature under both room temperature and refrigeration storage ( Figure 5 ). During the refrigeration, the relative humidity fluctuated regularly around 40 percent with the cooling system running and the opening times of the refrigerator door. The relative humidity for eggs kept under room temperature was about 50 percent, which was obviously higher than those in refrigeration. 
Eggs Quality Changes
Changes of Haugh Unit (HU)
According to USDA's egg regulations [30] , the HU values of AA eggs (According to USDA's egg regulation, eggs were classed into three grades: AA, A and B, among which grade AA is the highest quality) are above 72. In this study, the initial HU values of the eggs were 95.66 for n-3 PUFAs enriched eggs and 90.56 for conventional eggs (Tables 2 and 3 ) when measured two days after being laid and as soon as transported to the lab. 
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According to USDA's egg regulations [30] , the HU values of AA eggs (According to USDA's egg regulation, eggs were classed into three grades: AA, A and B, among which grade AA is the highest quality) are above 72. In this study, the initial HU values of the eggs were 95.66 for n-3 PUFAs enriched eggs and 90.56 for conventional eggs (Tables 2 and 3 ) when measured two days after being laid and as soon as transported to the lab. There was a 40-50% decrease in HU values of n-3 PUFAs enriched and conventional eggs after 30 days of refrigeration (Figure 6a,b) . However, for eggs under room temperature, the same level of decline happened after 18 days' storage (Figure 6c,d) . The reduction of HU values was mainly due to the breakdown of carbonic acid in eggs albumen, which caused elasticity loss and structure change of mucin fibers. So the albumen became watery and albumen height reduced, which directly resulted in the decrease of HU values [36] . The data shows that the rate of HU decline varies significantly in different temperature and the higher temperature, the faster the HU decreased, which was in agreement with earlier studies [36] [37] [38] . Values with different letters ( a-c ) within the same row are significantly different (p < 0.05); * See Table 2 for details.
There was a 40-50% decrease in HU values of n-3 PUFAs enriched and conventional eggs after 30 days of refrigeration (Figure 6a,b) . However, for eggs under room temperature, the same level of decline happened after 18 days' storage (Figure 6c,d) . The reduction of HU values was mainly due to the breakdown of carbonic acid in eggs albumen, which caused elasticity loss and structure change of mucin fibers. So the albumen became watery and albumen height reduced, which directly resulted in the decrease of HU values [36] . The data shows that the rate of HU decline varies significantly in different temperature and the higher temperature, the faster the HU decreased, which was in agreement with earlier studies [36] [37] [38] . 
Changes of YI
YI indicates yolk quality and eggs' freshness [39] . The YI of fresh eggs varies from 0.3 to 0.5 according to Yannakopoulos [40] and the initial YI of the fresh eggs in our experiment was 0.5 for both types of eggs (Tables 2 and 3) .
The experiment shows a significant reduction of YI values during storage (p < 0.05) irrespective of the storage conditions and egg types ( Figure 7) . As the storage goes on, the egg yolk gradually expanded and led to the weakening of the strength of vitelline membrane [41] , which happened because water gradually permeated from the albumen through the vitelline membrane to yolk. The process finally changed the yolk shape from a spheroid to an oblateness [36] .
The result also shows that temperature had significant effects (p < 0.05) on the YI values for both n-3 PUFAs enriched and conventional eggs during home storage, and refrigeration can reduce the speed of YI reduction as the eggs stored in refrigerator obviously kept higher YI values than those under room temperature. 
Changes of Weight
Significant differences of eggs weight were observed during storage periods (Tables 2 and 3 ). The loss of weight obviously happened to both n-3 PUFAs enriched and conventional eggs along with the storage especially for eggs stored under room temperature (Figure 8 ), which is in accordance with earlier study [42] . Significant weight loss of eggs was mainly because of the escape of the moisture and CO2 from eggs. During the storage, the breakdown of carbonic acid in eggs' albumen produced CO2 and water, and the enlargement of shell spores makes it easier for moisture and CO2 to escape [36] . It can also be found that the higher the environment temperature, the higher loss rate of eggs weight, which can be explained as the high temperature accelerated the breakdown of carbonic acid in eggs albumen [36] . 
Significant differences of eggs weight were observed during storage periods (Tables 2 and 3 ). The loss of weight obviously happened to both n-3 PUFAs enriched and conventional eggs along with the storage especially for eggs stored under room temperature (Figure 8 ), which is in accordance with earlier study [42] . Significant weight loss of eggs was mainly because of the escape of the moisture and CO 2 from eggs. During the storage, the breakdown of carbonic acid in eggs' albumen produced CO 2 and water, and the enlargement of shell spores makes it easier for moisture and CO 2 to escape [36] . It can also be found that the higher the environment temperature, the higher loss rate of eggs weight, which can be explained as the high temperature accelerated the breakdown of carbonic acid in eggs albumen [36] . 
Changes of Albumen pH
The observed albumen pH increased during the storage period independently of the storage conditions and egg types, but the rate of albumen pH increase varies significantly at different storage conditions. The changes of albumen pH were slower for eggs stored in refrigeration than those under room temperature (Figure 9 ). Take n-3 PUFAs enriched eggs as an example, Albumen pH went up to 9.36 from 8.40, 11.4% increase after 30 days storage in refrigeration, while those under room temperature, it just took 18 days for albumen pH to increase 12.1%, from 8.4 to 9.42. It is believed that the escape of CO2 and water leads to the rise of albumen pH during storage [23, 36] . 
The observed albumen pH increased during the storage period independently of the storage conditions and egg types, but the rate of albumen pH increase varies significantly at different storage conditions. The changes of albumen pH were slower for eggs stored in refrigeration than those under room temperature (Figure 9 ). Take n-3 PUFAs enriched eggs as an example, Albumen pH went up to 9.36 from 8.40, 11.4% increase after 30 days storage in refrigeration, while those under room temperature, it just took 18 days for albumen pH to increase 12.1%, from 8.4 to 9.42. It is believed that the escape of CO 2 and water leads to the rise of albumen pH during storage [23, 36] . 
Comparison of Quality Changes of N-3 PUFAs Enriched and Conventional Eggs
There was no significant difference (p > 0.05) of weight loss between n-3 PUFAs enriched and conventional eggs. The weight loss was 3.87% and 3.4% respectively for n-3 PUFAs enriched and conventional eggs in refrigeration, 6.1% and 7.8% for eggs stored under room temperature (Table 4) . Table 2 for details.
The decline of HU and YI values of n-3 PUFAs enriched and conventional eggs were on the same level both in refrigeration and under room temperature, which is consistent with the studies of Cedro and Mazalli. [23, 43] who reported that no significant differences (p > 0.05) were observed between n-3 PUFAs enriched and conventional eggs in terms to HU and YI. But in this experiment, the YI of n-3 PUFAs enriched eggs decreased to 0.3 after 9 days' storage in the early period, faster than conventional eggs whose YI did not go down to the same level after 15 days' storage under room temperature ( Figure 7) .
In refrigeration, albumen pH of n-3 PUFAs enriched and conventional eggs increased 11.4% and 14.7% respectively by the end of the experiment, and for eggs under room temperature, the rate was 12.1% and 15.4% after 18 days' storage. Egg types presented similar change (p > 0.05) of the albumen pH both in refrigeration and under room temperature, which is consistent with the result of Pappas, A.C. [23, 44] who observed that the albumen pH increased as the time extended irrespective of the egg types.
Conclusions and Implications
According to the results of the conducted experiment and above analysis, the WSN adopted in this study is a convenient and useful tool to monitor the real-time environment conditions including temperature and humidity for eggs at consumers' home storage. Temperature, humidity and time of storage all have an influence on the freshness of eggs and there was no significant difference between n-3 PUFAs enriched eggs and conventional eggs. N-3 PUFAs enriched and conventional eggs stored under refrigeration may be kept for as long as approximately one month whereas stored at room temperature only 18 days. It can be concluded that to maintain the internal quality of eggs, refrigeration is strongly recommended for home storage and consumers in China should be educated about it.
